Introduction {#S0001}
============

Nanomaterials are chemicals generally ranging in size from 1 to 100 nm. They have many applications including, electronics, energy production, industries and environmental protection. These applications for nanomaterials are due to their tiny size and unique properties such as thermal, optical, mechanical, magnetic, and electrical and electron configuration density.[@CIT0001],[@CIT0002] In addition, nanomaterials are implicated in nanomedicine as antimicrobial agents against many pathogens[@CIT0003] and as novel drug delivery systems to enhance the performance of medical substances.[@CIT0004] Furthermore, they enter in diagnostic-imaging materials; cosmetics, sunscreens, coatings, batteries, fuel additives, paints, pigments, tires and cement.[@CIT0002],[@CIT0005] Widespread use of nanomaterials increases environmental contamination and human exposure to them via several routes such as inhalation, dermal and oral. Their potential toxicity is mainly due to occupational exposure to nanoparticle-containing products and nanotechnology-based therapeutics and diagnostics agents.[@CIT0006] Utilization of nanomaterials in various applications and their characteristic physical and chemical properties influence their toxicological behavior in vivo by making them interact with biological systems easily and facilitate their cellular uptake and distribution in the body compared with bulk chemicals.[@CIT0007],[@CIT0008] The nanosize of these particles is likely to increase their toxic effects on mammals and the environment.[@CIT0001]

Copper nanoparticles (Cu-NPs) and copper oxide nanoparticles (CuO-NPs) are widely used as feed additives for livestock and poultry and production of polymers/plastics and lubricants for metallic coating.[@CIT0009],[@CIT0010] The excellent thermophysical characteristics of Cu-NPs give them value for applications in the field of electronics technology, such as semiconductors, electronic chips, metal catalyst and heat transfer nanofluids.[@CIT0010],[@CIT0011] Moreover, they have potent antimicrobial activity against a wide range of disease-causing microorganisms and other nanoparticles are used as an alternative antimicrobial agent in many biomedical applications.[@CIT0012],[@CIT0013] Cu-NPs, like other nanomaterials, access the environment and the human body through many sources, such as effluents, spills during shipping and administration and consumer products and disposal.[@CIT0014] Excess exposures to Cu or CuO-NPs have severe and dramatic adverse effects on the biological system.

Recently, it has been indicated that overload of CuO-NPs and Cu-NPs can induce gastrointestinal, hepatic, renal, neuronal and splenic toxicities in rats through generation of reactive oxygen species (ROS) and depletion of antioxidants.[@CIT0015]--[@CIT0017] Oxidative stress caused by Cu-NPs is always accompanied with inflammation and adverse effects on drug metabolism in the liver through inhibition of various CYP450 enzymes expression, which increases the risk of drug-drug interactions in animals.[@CIT0018]

Physical and chemical methods used for synthesis of nanoparticles have drawbacks such as high cost of production, high energy requirement, and generation of toxic by-products. The new strategies were directed toward the biological methods for synthesis of NPs to overcome the drawbacks of chemical methods. The biological methods are effective, nontoxic, and ecofriendly.[@CIT0019],[@CIT0020] The biomolecules present in the algal extract and other natural sources including, plants and bacteria have been exploited for NP synthesis[@CIT0021],[@CIT0022] because plant extracts contain bioactive molecules such as phenols, lipids, carbohydrates, enzymes and proteins that can endow effective antimicrobial activities to the green synthetized NPs.[@CIT0020] In addition, the available functional groups and enzymes in the algal cell walls act as reducing agents employed for reduction and fabrication of metal and metal oxide NPs at ambient conditions.[@CIT0023],[@CIT0024]

Although the biologically synthesized Cu-NPs have higher antibacterial activity and higher stability than chemically synthesized Cu-NPs,[@CIT0025] to the best of our knowledge, studies concerning the toxicities of biologically and chemically synthesized CuO-NPs, especially in mammals, are scarce. Therefore, this study was designed to evaluate the comparative toxicological effects of biologically and chemically synthesized CuO-NPs in mature mice.

Materials and Methods {#S0002}
=====================

Chemicals and Kits {#S0002-S2001}
------------------

Chemicals used for synthesis of CuO-NPs and pathological and immunohistochemical investigations were purchased from Sigma-Aldrich Co. (St Louis, MO, USA) and all were of analytical grade.

Diagnostic kits used for assaying the activities of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) and serum levels of urea and creatinine were purchased from Biodiagnostic Company, Egypt. Kits used for determination of P53 mRNA expression in hepatic tissue were purchased from Biovision Company, Egypt.

Synthesis of CuO-NPs {#S0002-S2002}
--------------------

### Biological Synthesis of CuO-NPs {#S0002-S2002-S3001}

CuO-NPs were biologically synthesized by using *Ulva fasciata* (macro green alga) that was collected from shallow water beside Abo-Qir shore, Alexandria, Egypt and identified morphologically according to Taylor.[@CIT0026] The alga aqueous extract was prepared by adding 1 g of air-dried alga to 100 mL double distilled water (DDW), boiled for 1 h and then filtered. The filtrate was completed to 100 mL by adding DDW.

The biological synthesis of CuO-NPs by using alga aqueous extract was performed according to Abboud et al[@CIT0027] with slight modification. Briefly, 10 mL of the above-mentioned extract was added to 90 mL DDW containing 2.4 g copper sulfate with continuous stirring for 24 h. Then the solution was centrifuged at 10,000 rpm for 15 min, the supernatant was discarded and the pellet of nanoparticles was collected, dispersed in DDW and centrifuged again to remove any unwanted biological materials. Finally, the obtained CuO-NPs were dried in a hot air oven.

### Chemical Synthesis of CuO-NPs {#S0002-S2002-S3002}

Chemical synthesis of CuO-NPs was performed according the method described by Kahn et al[@CIT0028] in which copper sulfate pentahydrate (CuSO~4~.5H~2~O) was used as a precursor salt and starch was used as a capping agent for chemical reduction process. Briefly, 120 mL of 0.1 M CuSO~4~.5H~2~O solution was added to 1.2% starch solution with vigorous stirring for 30 min, and 50 mL of 0.2 M ascorbic acid solution (reducing agent) were added with continuous and rapid stirring. Subsequently, 30 mL of 1 M sodium hydroxide solution were slowly added to the solution with constant stirring and heating at 80°C until solution color turned from yellow to ocher (yellowish orange). After that the solution was cooled and settled overnight. Then the supernatant was carefully discarded and the precipitate was separated by filtration and washed three times with deionized water and ethanol to remove the excess starch that bound with the nanoparticles. Finally the precipitate was dried at room temperature and stored for further analysis and characterization.

Characterization of CuO-NPs {#S0002-S2003}
---------------------------

### Transmission Electron Microscopy (TEM) {#S0002-S2003-S3001}

Transmission electron microscopy (TEM; JEOL-2100, Tokyo, Japan) at 120 kV of accelerating voltage was used to characterize the sizes and shapes of both biologically and chemically synthesized CuO-NPs.

### X-Ray Diffraction (XRD) {#S0002-S2003-S3002}

X-ray diffraction (JED-2300T) was used to study nondestructively, the crystallographic structure, physical properties and chemical structure of CuO-NPs.[@CIT0029],[@CIT0030]

### Fourier-Transform Infrared spectroscopy (FT-IR) {#S0002-S2003-S3003}

Fourier-transform infrared spectroscopy was used to investigate the structural and conformational changes of the coordinating self-assembled functional groups on the surface of CuO-NPs. FT-IR spectrometer (FT-IR-6100 type A, Nicolete IS10, Thermo Fisher Scientific, Waltham, MA, USA) of the sample was occupied in the region between 4000 and 400 cm^−1^.

Acute Toxicological Studies {#S0002-S2004}
---------------------------

### Animals {#S0002-S2004-S3001}

Forty-five healthy mature male mice (30--35 g) were obtained from the Department of Husbandry and Animal Wealth Development, Faculty of Veterinary Medicine, University of Sadat City, Egypt. The mice were housed in mouse-specific polypropylene cages (five mice in each cage) and kept in a clean well-ventilated animal room (21±3°C, 45--60% RH, natural light/dark cycle) and provided with a standard commercial diet and clean tap water ad libitum. Mice were acclimatized to these environmental conditions for 10 days prior to the beginning of the experiment. This study was ethically approved by the International Animal Care and Use Committee IACUC, following the guidelines of the care and use of laboratory animals, Faculty of Veterinary Medicine, University of Sadat City, Egypt, which follow the Guide for the Care and Use of Laboratory Animals 8th edition. Washington (DC): National Academies Press (US); 2011.

### Experimental Design {#S0002-S2004-S3002}

The mice were randomly allocated into three groups, 15 mice in each:

Control group was given distilled water (0.2 mL/animal) orally.

The biological CuO-NPs group was administered a single dose of biologically synthesized CuO-NPs at a dose of 500 mg/kg bw, dissolved in distilled water (0.2 mL/animal) orally according to Chen et al.[@CIT0031]

The chemical CuO-NPs group was administrated a single dose of chemically synthesized CuO-NPs at a dose of 500 mg/kg bw, dissolved in distilled water (0.2 mL/animal) orally according to Chen et al.[@CIT0031]

The calculated dose of each form of Cu-NPs according to the weight and number of mice was freshly prepared by suspending NPs in distilled water using an Ultrasonic homogenizer sonicator on ice media for 10 mins (BioLogics Inc., Manassas, VA USA).

### Samples Collection {#S0002-S2004-S3003}

Forty-eight hours following administration of CuO-NPs, all mice were anesthetized by using isoflurane inhalation. Blood samples were collected by cardiac puncture. Sera samples were separated and kept at −20°C till biochemical assays.

After euthanization of mice, tissue specimens from liver, kidneys, and spleen were excised. One part of each liver was kept at −80°C for evaluation of P53 gene expression. The other part of liver, kidneys and spleen were kept in 10% neutral buffer formalin solution for histopathological and immunohistochemical investigations.

### Hematological Assessment {#S0002-S2004-S3004}

Blood indices including, red blood cell count (RBC), hemoglobin concentration (HGB) and hematocrit percentage (HCT), total leukocytes (TLC) and differential leukocyte counts were estimated by using H32 VET 3-Part Differential Hematology Analyzer (Avantor Performance Materials Inc. Company, Center Valley, PA, USA).

### Estimation of Serum Hepatic and Renal Function Biomarkers {#S0002-S2004-S3005}

The activities of serum ALT and AST were analyzed according to Reitman and Frankel.[@CIT0032] Serum levels of both urea and creatinine were analyzed according to, Fawcett and Scott[@CIT0033] and Schirmeister,[@CIT0034] respectively by using commercial kits following the manufacturer's instructions.

### Estimation of Apoptotic Biomarkers {#S0002-S2004-S3006}

#### P53 Gene Expression in Hepatic Tissue {#S0002-S2004-S3006-S4001}

Total RNA was isolated from hepatic tissues by using triazole reagent according to manufacturer\'s instructions and subsequent cDNA was synthesized by using power first strand cDNA synthesis kits, according to the manufacturer protocol. The cDNA that was reverse-transcribed from RNA was used as a template for RT-qPCR. The oligonucleotide primers for P53 were forward primer 5ʹ GTG GAT CCT GAA GAC TGG ATA ACTGTC3ʹand reverse primer 5ʹ AGT CGA CAG GAT GCA GAG GCT G 3ʹ. The oligonucleotide primers for β actin were forward primer 5ʹ GGCACCACCTTCTACAATG3ʹ and reverse primer 5ʹGGGGTGTTGAAGGTCAAAC 3ʹ. P53 gene expression levels in hepatic tissues were analyzed by using quantitative real-time PCR (qRT-PCR) by using real time PCR machine (3000x Agilent Technologies, Santa Clara, CA, USA). The cycle of threshold (Ct) value was determined, and the abundance of gene transcripts were analyzed by using the ΔΔCt method using β-actin as a housekeeping gene for correction of the expression.[@CIT0035] The expression in the hepatic tissue of the control mice was set to one.

#### Immunohistochemistry for Detection of Caspase-3 Protein in Hepatic Tissue {#S0002-S2004-S3006-S4002}

The serial sections of hepatic tissue were dewaxed and dehydrated sequentially in graded ethyl alcohol. Then they were immersed in antigen retrieval solution (EDTA solution, pH 8). The endogenous peroxidase was inactivated by 3% H~2~O~2~ and the reaction was blocked by 5% BSA blocking reagent for 20 min to reduce nonspecific reactions. Then, the fixed sections were incubated with anticaspase-3 primary monoclonal antibody (R&D Systems Inc., Minneapolis, MN, USA; 1:100 dilutions) for one hour at 37°C. The slides were rinsed with PBS, incubated with antimouse IgG secondary antibodies (EnVision+System HRP; Dako, Denmark A/S, Glostrup, Denmark) for 30 min at room temperature, visualized with diaminobenzidine commercial kits (Liquid DAB+Substrate Chromogen System; Dako), and finally counterstained with Mayer's hematoxylin. The normal mouse serum was used instead of primary antibody to stain the negative control. The caspase-3 protein expression was expressed as the percentage of positive cells per total 1000 cells in about eight to 10 microscopic fields.

### Histopathological Examination {#S0002-S2004-S3007}

The fixed specimens of liver, kidneys and spleen were processed, embedded in paraffin, cut and stained by H&E stain. Stained slides were microscopically analyzed by using a light microscope. Histopathological photos were taken by using a digital Leica photomicroscope (Leica, Microsystems, Wetzlar, Germany).

Statistical Analysis {#S0002-S2005}
--------------------

Data were presented as mean ±SEM. Data were analyzed by one-way ANOVA followed by Duncan's post hoc analysis for detection of significance among different groups. The statistical analysis was performed by using SPSS (Statistical Package for Social Sciences) Version 16 released in 2007 (SPSS Inc., Chicago, IL, USA) for data analysis to determine the statistically significant (*P*\<0.05) differences among the experimental groups.

Results {#S0003}
=======

Morphological and Structural Characters of Synthesized Copper Nanoparticles {#S0003-S2001}
---------------------------------------------------------------------------

### Analysis by TEM {#S0003-S2001-S3001}

[Figure 1](#F0001a){ref-type="fig"} showed the micrograph obtained from TEM of the biologically and chemically synthesized CuO-NPs. The biologically synthesized NPs were predominantly spherical in shape ([Figure 1A](#F0001a){ref-type="fig"}) whereas chemically synthesized NPs ranged from spherical to elongated shape ([Figure 1B](#F0001a){ref-type="fig"}). The size of biologically synthesized CuO-NPs ranged from 13.97--21.22 nm ([Figure 1A](#F0001a){ref-type="fig"}) while that of chemically synthesized CuO-NPs ranged from 20.61--29.51 nm ([Figure 1B](#F0001a){ref-type="fig"}).Figure 1Continued. Figure 1Morphological and structural patterns of biologically synthesized (**A**) and chemically synthesized (**B**) CuO-NPs by TEM; XRD of biologically synthesized (**C**) and chemically synthesized (**D**) CuO-NPs; FT-IR spectrum of biologically synthesized (**E**) and chemically synthesized (**F**) CuO-NPs.

### Analysis by XRD {#S0003-S2001-S3002}

The size of biologically synthesized CuO-NPs ranged from (4.14 to 12.82 nm) and that of chemically synthesized ones ranged from (4.06 to 26.82 nm) ([Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}).Table 1The Particle Size by XRD of Biologically Synthesized CuO-NPsPos. (°2θ)FWHM Left (°2θ)Diameter (nm) Particle SizeRel. Int. (%)16.36700.19687.3450.3422.62590.17718.4892.1231.74540.39364.146.6335.43000.157410.81100.0041.14390.19689.3515.3952.37420.177112.8227.1256.07840.47235.256.0160.02890.39367.0512.4566.55770.78724.422.7573.64230.472310.415.13[^1] Table 2The Particle Size by XRD of Chemically Synthesized CuO-NPsPos. (°2θ)FWHM Left (°2θ)Diameter (nm) Particle SizeRel. Int. (%)36.17580.27554.0626.6342.10790.43304.317.7643.03390.177126.829100.0050.11170.27557.8441.8861.09380.62984.554.7873.83760.295216.8716.97[^2]

Furthermore, the results of [Figure 1](#F0001a){ref-type="fig"} investigated the peak positions with 2Ө (Zeta) values of 16.36, 22.62, 27.77, 31.74, 35.43, 41.14, 52.37, 56.07, 60.02, 66.55 and 73.64, which were indexed as 100, 110, 111, 200, 210, 211, 221, 310, 311, 222 and 320 for biologically synthesized CuO-NPs ([Figure 1C](#F0001a){ref-type="fig"}) and the peak positions with 2Ө values of 36.17, 42.10, 43.03, 50.11, 61.09 and 73.83 were indexed as 111, 200, 210, 211, 220 and 221 for chemically synthesized CuO-NPs ([Figure 1D](#F0001a){ref-type="fig"}). These results confirmed that the obtained particles of CuO-NPs are crystalline.

### Analysis by FT-IR {#S0003-S2001-S3003}

In this study, FT-IR spectroscopy data illustrated in [Figure 1E](#F0001a){ref-type="fig"} and [F](#F0001a){ref-type="fig"} and [Table 3](#T0003){ref-type="table"} indicated that band regions 3586, 3562, 3386 and 3274 cm^−1^ for CuO-NPs synthesized by the biological method and regions 3406 and 1645 cm^−1^ for CuO-NPs synthesized by the chemical method related to OH groups. The peak in the region 2927 cm^−1^ for biogenic CuO-NPs and 2926, 1459, 1421 and 1372 cm^−1^ for chemical CuO-NPs regions originated from C--H (hydrocarbon). The peaks in the region 2062 and 874 cm^−1^ for biologically synthesized CuO-NPs and 2149 and 929 cm^−1^ for chemically synthesized CuO-NPs can be correlated to stretching of Cu--H (metal--hydrogen) and Cu-O-H respectively. The bands in the 1632 cm^−1^ that appear in biogenic method could be related to amides (N-H) stretching. In addition four band regions of C--O in both CuO-NPs were detected. The peaks appeared in the range from 779 cm^−1^ to 425 cm^−1^ for biologically synthesized CuO-NPs and from 858 cm^−1^ to 524 cm^−1^ for chemically synthesized CuO-NPs were the Cu-O group indicating the formation of CuO-NPs at many peaks.Table 3Fourier-Transform Infrared Analysis of Biologically Synthesized and Chemically Synthesized CuO-NPsBiologically Synthesized CuONPsChemically Synthesized CuONPsWave Numbers cm^−1^Functional GroupsWave Numbers cm^−1^Functional Groups3586O--H stretching3406O--H stretching3562O--H stretching2926C--H stretching3386O--H stretching2149Cu--H stretching3274O--H stretching1645O--H bending2927C--H stretching1459C--H bending2062Cu--H stretching1421C--H bending1632N-H stretching1372C--H bending1118C--O stretching1241C--O stretching1089C--O stretching1157C--O stretching987C--O stretching1084C--O stretching942C--O stretching1015C--O stretching874Cu--O--H bending929Cu--O--H bending779Cu--O858Cu--O--H bending735Cu--O763Cu--O632Cu--O709Cu--O601Cu--O609Cu--O510Cu--O575Cu--O483Cu--O524Cu--O425Cu--O

Clinical Signs and Necropsy Findings of Animals Intoxicated with CuO-NPs {#S0003-S2002}
------------------------------------------------------------------------

The main signs of CuO-NPs intoxication were loss of appetite, depression and lowering of activity.

Four mice died from the group that received biologically synthesized CuO-NPs. The necropsy finding revealed that stomachs of biologically synthesized CuO-NPs administered mice were distended with greenish colored ingesta while stomachs of chemically synthesized CuO-NPs administered mice were distended with brownish colored ingesta. Enlarged liver, gunmetal colored kidney, dark swollen spleen and distended urinary bladder were observed in both CuO-NPs oral gavaged mice. Urinary bladders of biologically synthesized CuO-NPs oral gavaged mice were filled with reddish yellow urine.

Copper Oxide Nanoparticles Intoxication Altered Total and Differential Leucocyte Counts in Mice {#S0003-S2003}
-----------------------------------------------------------------------------------------------

The effects of Copper oxide nanoparticles on hematological parameters of mice were recorded in [Table 4](#T0004){ref-type="table"}. Biologically synthesized CuO-NPs numerically reduced the RBC count; HGB concentration and HCT% compared with those of the control and chemically synthesized CuO-NPs mice. However, biologically synthesized CuO-NPs numerically elevated the total leucocyte counts and significantly increased lymphocyte percentages while it significantly decreased the granulocyte percentage at *P*\<0.05 compared with the control mice. Chemically synthesized CuO-NPs significantly elevated total leukocyte count and granulocyte percentage but significantly reduced lymphocyte percentage (lymphocytopenia) compared with those of the control mice (*P*\<0.05).Table 4Mean Values of RBC Count, HGB Concentration, HCT%, Leukocyte Count and Differential Leukocyte Percentages of Control and CuO-NPs Administered MiceRBCs ×10^6^/µLHGB (g/dl)HCT%TLC ×10^3^/µLLymphocytes %Monocytes %Granulocytes %Control7.45±0.28^a^11.34±0.25^a^30.58±0.66^ab^3.8±0.27^b^32.18±0.63^b^20.38±0.24^a^47.44±1.08^b^Biologically CuO-NPs6.84±0.37^a^10.62±0.49^a^28.58±0.67^b^4.3±0.26^ab^36.74±0.69^a^21.26±0.88^a^42.00±1.30^c^Chemically CuO-NPs7.73±0.14^a^11.42±0.22^a^32.16±0.75^a^4.7±0.24^a^26.06±0.84^c^22.46±0.65^a^51.48±0.92^a^[^3]

Copper Oxide Nanoparticles Altered Hepatic and Renal Functions in Mice {#S0003-S2004}
----------------------------------------------------------------------

[Figure 2](#F0002){ref-type="fig"} represented the effects of both biologically and chemically synthesized CuO-NPs on serum hepatic and renal function biomarkers of mice. Oral administration of mice with biologically synthesized and chemically synthesized CuO-NPs significantly elevated the activities of serum ALT and AST compared with those of the control group at *P*\<0.05. In addition, they significantly increased serum levels of renal biomarkers, serum urea and creatinine, compared with those of the control mice. Moreover, mice administered biologically synthesized CuO-NPs showed significant increase in serum urea and creatinine levels compared to mice administered with chemically synthesized CuO-NPs.Figure 2Mice received distilled water (control), a single dose of biologically synthesized CuO-NPs (500 mg/kg bw) (second group) or a single dose of chemically synthesized CuO-NPs (500 mg/kg bw) orally (third group). The activities of serum ALT, AST and serum levels of urea and creatinine of the control and CuO-NPs treated mice were determined. Columns with different letters were significantly different (*P*\< 0.05).

Biologically Synthesized Copper Oxide Nanoparticles Increased P53 mRNA Expression in Hepatic Tissues of Mice {#S0003-S2005}
------------------------------------------------------------------------------------------------------------

Administration of mice biologically synthesized CuO-NPs dramatically elevated the relative mRNA expression of P53 (1042.42±693.18) at P\<0.05 compared to those of the normal control (1±0.14) and chemically synthesized CuO-NPs (1.04±0.09) administered mice. In contrast, chemically synthesized CuO-NPs administration had no significant effect on the relative mRNA expression of P53 in hepatic tissues compared to that of the normal control mice.

Copper Oxide Nanoparticles Intoxication Increased Caspase-3 Protein Expression in Hepatic Tissues of Mice {#S0003-S2006}
---------------------------------------------------------------------------------------------------------

[Figure 3](#F0003){ref-type="fig"} illustrated the microscopic pictures of immunohistochemistry and mean values of positively stained hepatocytes (in percent) for caspase-3, proapoptotic biomarker, in hepatic tissues. Hepatic tissues of normal control mice showed negative or mild caspase-3 immunostaining ([Figure 3A1](#F0003){ref-type="fig"} and [A2](#F0003){ref-type="fig"}), respectively. Hepatocytes of biologically synthesized CuO-NPs administered mice showed marked caspase-3 immunostaining especially around the central vein ([Figure 3B1](#F0003){ref-type="fig"} and [B2](#F0003){ref-type="fig"}) and significantly elevated the percent of caspase-3 immunostained hepatocytes to 60.79±1.79 compared to that of the normal control mice 9±0.45 ([Figure 3D](#F0003){ref-type="fig"}). Hepatocytes of chemically synthesized CuO-NPs administered mice showed a moderate degree of caspase-3 immunostained hepatocytes ([Figure 3C1](#F0003){ref-type="fig"} and [C2](#F0003){ref-type="fig"}) and also significantly elevated the percent of caspase-3 immunostained hepatocytes to 21.23±0.89 compared to that of the normal control mice 9±0.45 ([Figure 3D](#F0003){ref-type="fig"}).Figure 3Photomicrographs of liver sections showed immunoreactivity to caspase-3. (**A1**) Liver of control animal showing negative expression of caspase antibody (arrow), caspase-3 IHC, bar=40 µm. (**A2**) Liver of control animal showing mild caspase immunostaining (arrow), caspase-3 IHC, bar=40 µm. (**B1**) Liver of biologically synthesized CuO-NPs treated mice showing marked centrolobular immunostaining of caspase (arrow), caspase-3 IHC, of G2 animal bar=40 µm. (**B2**) Liver of biologically synthesized CuO-NPs animal showing marked centrolobular immunostaining of caspase (arrow), caspase-3 IHC, bar=40 µm. (**C1**) Liver of chemically synthesized CuO-NPs treated mice showing moderate degree of centrolobular immunostaining of caspase (arrow), caspase-3 IHC, bar=40 µm. (**C2**) Liver of chemically synthesized CuO-NPs treated mice showing moderate degree of centrolobular immunostaining of caspase (arrow), caspase-3 IHC, bar=40 µm. (**D**) Caspase-3 protein expression was expressed as the percentage of positive cells per total 1000 cells. Columns with different superscript letters were significantly different (*P*\<0.05).

Copper Oxide Nanoparticles Altered Hepatic, Renal and Splenic Tissues Architectures in Mice {#S0003-S2007}
-------------------------------------------------------------------------------------------

Histopathological changes in hepatic, renal and splenic tissues due to intoxication of rats with CuO-NPs were illustrated in [Figures 4](#F0004){ref-type="fig"}--[6](#F0006){ref-type="fig"}.Figure 4Photomicrographs of mice liver tissues. Rats were treated as [Figure 2](#F0002){ref-type="fig"}. Hepatic tissues of control mice (**A**) showed normal tissue architecture. Hepatic tissues of biologically synthesized CuO-NPs exposed mice showed activation of Kupffer cells (arrow), hepatocytes necrosis and loss of cellular boundaries (star) (**B1**); hydropic degeneration of hepatocytes (arrow), lymphocytic infiltration around necrotized cells (star) (**B2**). Hepatic tissues of chemically synthesized CuO-NPs exposed mice showed hydropic degeneration (arrow) (**C1**) and slight degree of fatty change (short arrow) and activation of Kupffer cells (long arrow) (**C2**) (H&E ×40).Figure 5Photomicrographs of mice renal tissues. Rats were treated as Figure 2. Renal tissues of control mice showed normal renal tubules and glomeruli (**A**) (H&E ×40). Renal tissues of biologically synthesized CuO-NPs exposed mice showed glomerular hypercellularity (short arrow); severe coagulative necrosis, detached tubular epithelia and loss of brush border (long arrow); intraluminal hyaline casts (black star) in cortex (**B1**) (H&E ×40) and medulla (black star) (**B2**) (H&E ×10). (**C1, C2**) Chemically synthesized CuO-NPs exposed mice showed intertubular hemorrhage (star); cloudy swelling with, narrowing of tubular lumens (long arrow); glomerular hypercellularity (short arrow) (**C1**); pyknotic nuclei and tubular cell necrosis (long arrow) and intertubular hemorrhage (star) (**C2**) (H&E ×40).Figure 6Photomicrographs of mice splenic tissues. Rats were treated as Figure 2. Spleen tissues of control mice (**A**) showed normal histological structure. Spleen tissues of biologically synthesized CuO-NPs exposed mice showed lymphoid depletion, presence of large number of megakaryocytes (arrow) and hemosiderophages (star) (**B1** and **B2**). Spleen tissues of chemically synthesized CuO-NPs exposed mice showed moderate degree of lymphoid depletion and presence of few numbers of megakaryocytes (arrow) (**C1** and **C2**) (H&E ×40).

Microscopical examination of hepatic tissues of control mice showed normal architecture of hepatic tissue ([Figure 4A](#F0004){ref-type="fig"}). Mice that received biologically synthesized CuO-NPs showed various pathological alterations in hepatic tissue such as activation of Kupffer cells, lymphocytic infiltration around necrotized cells, congestion and hepatocytes pathological changes. These changes ranged from hydropic degeneration and vacuolization to cell necrosis, loss of cellular boundaries, more eosinophilic cytoplasm, karyorrhexis and some cells lost their nucleus ([Figure 4B1](#F0004){ref-type="fig"} and [B2](#F0004){ref-type="fig"}). Hepatic tissues of mice administered with chemically synthesized CuO-NPs showed only hydropic degeneration, activation of Kupffer cells and slight degree of fatty changes ([Figure 4C1](#F0004){ref-type="fig"} and [C2](#F0004){ref-type="fig"}).

[Figure 5](#F0005){ref-type="fig"} showed histopathological changes in renal tissues of normal and CuO-NPs administered mice. Renal tissue of control mice showed normal renal tubules and glomeruli ([Figure 5A](#F0005){ref-type="fig"}). Renal tissues of biologically synthesized CuO-NPs administered mice showed glomerular hypercellularity, severe coagulative necrosis, detached tubular epithelia, loss of brush border and intraluminal hyaline casts in cortex and medulla ([Figure 5B1](#F0005){ref-type="fig"} and [B2](#F0005){ref-type="fig"}). Renal tissues of chemically synthesized CuO-NPs administered mice showed intertubular hemorrhage, cloudy swelling, narrowing of tubular lumen, glomerular hypercellularity, pyknotic nuclei and tubular cell necrosis ([Figure 5C1](#F0005){ref-type="fig"} and [C2](#F0005){ref-type="fig"}).

[Figure 6](#F0006){ref-type="fig"} presented histopathological changes in splenic tissues of normal and CuO-NPs administered mice. Spleen tissue of control mice was normal histological structure ([Figure 6A](#F0006){ref-type="fig"}). This figure showed presence of many pathological lesions and deviation in splenic tissues of CuO-NPs administered mice compared with those of normal control mice. Biologically synthesized CuO-NPs led to lymphoid depletion with presence of large number of megakaryocytes and hemosiderin phagocytic cells (hemosidrophages) in splenic tissue ([Figure 6B1](#F0006){ref-type="fig"} and [B2](#F0006){ref-type="fig"}). Chemically synthesized CuO-NPs induced the same changes but with a lower degree of lymphoid depletion with presence of fewer numbers of megakaryocytes in splenic tissue ([Figure 6C1](#F0006){ref-type="fig"} and [C2](#F0006){ref-type="fig"}).

Discussion {#S0004}
==========

Nanocopper has been used as a novel antibacterial agent for treatment of osteoporosis, for manufacturing of intrauterine contraceptive device, and feed additives for cattle and poultry.[@CIT0009] When ionized copper intake exceeds the tolerable limit, it shows toxic effects leading to cytotoxicity and cell death.[@CIT0036] In the current study, green (biologically) and chemically synthesized CuO-NPs were characterized by TEM, XRD, and FT-IR to determine their sizes and functional groups. These tests revealed that the NPs are mainly in the form of CuO-NPs and the biologically synthesized (spherical particles) CuO-NPs are smaller in size than chemically synthesized CuO-NPs (elongated or spherical particles) and so recorded wide size range. Different functional groups (O-H, C-H, C-O, Cu-H and CuO) were detected by FT-IR. In this study, TEM and XRD results were inconsistent with those of Abboud et al,[@CIT0027] who indicated that the maximum size of CuO particles ranged from 5 to 45 nm, and the average size was estimated as 20.66 nm. Also Siddiqi and Husen[@CIT0037] reviewed that the TEM image of the majority of CuO-NPs are spherical, but some of them are elongated. It has been reported that the size and the shape of NPs differ according to the method and factor affecting their synthesis.[@CIT0038],[@CIT0039]

Fourier-transform infrared spectroscopy was used to detect the stretching and bending frequencies of molecular functional groups that attached to the surface of CuO-NPs causing structural and conformational changes.[@CIT0040],[@CIT0041] The absorption position of infrared bands depends on the force constant of a chemical bond, bond order, types of atoms joined by the bond, and reduced mass. The peak intensity in the infrared spectra is determined by the concentration of molecules in the sample.[@CIT0042],[@CIT0043] The bands in the 1632 cm^−1^ that appear in biogenic methods could be related to amides (N-H) stretching, which may help in stabilizing the NPs by proteins.[@CIT0044] The small peak shift in the vibrational modes is associated with the corresponding change in the surface area of the prepared CuO-NPs.[@CIT0045] In addition, Yedurkar et al[@CIT0046] recorded three absorption peaks that revealed the vibrational modes of CuO nanostructures in the range 700--400 cm^−1^ and these foremost peaks were detected as 525, 580, and 675 cm^−1^.

The results of this study revealed that the administration of the biologically synthesized CuO-NPs to mice induced numerical reduction in RBC count, HGB concentration and HCT%, while chemically synthesized CuO-NPs slightly elevated these parameters compared to those of the control mice ([Table 4](#T0004){ref-type="table"}). These findings can be explained by the incidence of the acute hemolysis in mice administered with biologically synthesized CuO-NPs, indicated by the presence of red urine in the urinary bladder at necropsy, presence of hyaline and granular casts in renal tubules ([Figure 5](#F0005){ref-type="fig"}), and hemosiderophages in splenic tissue ([Figure 6](#F0006){ref-type="fig"}). In addition, biologically synthesized CuO-NPs led to deaths among mice, which may refer to severe hepatic necrosis ([Figure 4](#F0004){ref-type="fig"}), RBC damage and presence of red urine within two days of exposure, these findings were parallel with the findings reported by Ortolani et al.[@CIT0047] The possible reason for RBC destruction and hemolysis is the inhibition of glucose-6-phosphate dehydrogenase induced by acute copper poisoning leading to the reduction of NADPH concentration in the red blood cells and subsequently decreased the level of reduced glutathione, and hence the occurrence of hemolysis.[@CIT0048] Moreover, the sudden increase in blood copper concentration in acute toxicity leads to methemoglobinemia, formation of Heinz bodies and ROS induced lipid peroxidation of erythrocyte membranes resulting in intravascular hemolysis of damaged erythrocytes.[@CIT0049],[@CIT0050] In contrast, both biologically and chemically synthesized CuO-NPs increased total leukocyte count as a result of lymphocytosis in biologically synthesized CuO-NPs and granulocytosis in chemically synthesized CuO-NPs ([Table 4](#T0004){ref-type="table"}). These findings were matched with those of Bugata et al[@CIT0015] who reported that CuO-NPs at 2000 mg/kg bw increase RBC and WBC counts and hemoglobin concentration in rats. Moreover, exposure of fish to copper for 96 h induces leukocytosis, lymphocytosis and neutropenia.[@CIT0051] This increase in the WBC count may indicate the intrinsic protection and initiation of the body's defense mechanism.[@CIT0052]

Furthermore, this study indicated that administration of mice with CuO-NPs disturbed liver and kidney functions and structures indicated by increased activities of serum ALT and AST and serum levels of both urea and creatinine and appearance of various pathological alterations in the structure of liver, kidney, and spleen. These alterations were more prominent in mice administered with biologically synthesized CuO-NPs. These findings were in accordance with those reported by[@CIT0015],[@CIT0031],[@CIT0053] in rats and mice after exposure to a single acute dose of Cu-NPs or CuO-NPs. In addition, it has been indicated that green synthesized gold--copper selenium heterogeneous nanoparticles induce in vitro cytotoxicity[@CIT0054] as copper nanoparticles have been reported to generate ROS and reactive nitrogen species (RNS), which play an important role in induction of organ injuries and dysfunctions.[@CIT0055] The toxic effects of CuO-NPs in the present study might be related to the induction of oxidative stress, which subsequently increased protein expression of caspase-3 in hepatic tissue ([Figure 3](#F0003){ref-type="fig"}) as the exposure to CuO-NPs increases ROS production that activates signal transduction of mitochondrial membrane and releases of cytochrome c from the mitochondria to the cytosol. Release of cytochrome c to the cytosol in turn activates caspase-9, a cysteine protease that can activate caspases-3 and 7, which are responsible for destroying the cell.[@CIT0056]--[@CIT0058] Thus, CuO-NPs can trigger both intrinsic and extrinsic apoptotic pathways in response to oxidative stress.[@CIT0054] Furthermore, administration of mice with either biologically or chemically synthesized CuO-NPs increased gene expression of P53 and protein expression of caspase-3 in hepatic tissues because apoptosis or self-destruction is activated under the action of P53 when DNA damage occurred and this damage cannot be resolved by the repair system.[@CIT0059]

Histopathological investigations of liver, kidney, and spleen in the present study illustrated presence of several alterations in these organs accompanied with hepatic and renal dysfunction. These lesions were more prominent in biologically synthesized CuO-NPs ([Figures 4](#F0004){ref-type="fig"}--[6](#F0006){ref-type="fig"}). Similarly, pathological alteration was demonstrated[@CIT0053],[@CIT0060] in hepatic, renal, and splenic tissues of mice after acute exposure to a high dose of Cu-NPs and in liver and kidneys of rats exposed to single high dose of CuO-NPs.[@CIT0015] These detrimental effects of CuO-NPs occurred due to the nanoparticles can be absorbed across the gastrointestinal tract, and pass through the mesentery lymph supply and lymph node to liver and spleen; where reticuloendothelial system can accumulate copper from blood by phagocytosis, predominantly NPs, which have not been completely dissolved.[@CIT0061],[@CIT0062] The accumulated NPs led to lymphocytic infiltration and increased the number of Kupffer cells in the liver and megakaryocytosis with lymphoid depletion in spleen tissue. It has been indicated that Cu-NPs are observed in the vascular areas of the periportal hepatocytes and in the cytoplasm of the Kupffer cells of the liver in treated rats.[@CIT0055] Various pathological changes observed in renal tissues in mice administered with biologically synthesized CuO-NPs may be due to hemoglobinuria caused by intravascular hemolysis and direct action of copper on the kidneys leading to tubular necrosis and acute renal failure.[@CIT0063] In addition, kidneys accumulate mostly the copper in ionic form after the dissolution of NPs in vivo.[@CIT0062] Copper ion overload in the kidneys may occur after high absorption and rapid distribution of biologically synthesized CuO-NPs due to their smaller size and exceeding copper binding protein capacities. Previously it has been proven that high reactivity of nanocopper particles caused wide toxicological difference between small size (23.5 nm) and big size (17 µm) particles, the copper ion overload in small size particles is consistent with biochemical assay, pathological lesions and copper content in renal tissue.[@CIT0061] Therefore, there are two possible mechanisms through which CuO-NPs induced alterations in liver, kidney, and spleen functions and structures. (1) CuO-NPs induced oxidative stress that increases the production of proapoptotic cytokine, caspase-3, which subsequently induced tissue injuries. (2) The accumulation of CuO-NPs in tissues which disturbed their function and structures.

The uptake and distribution of NPs depends on their size and surface area.[@CIT0064] The results of the current study revealed that biologically synthesized CuO-NPs have more potent toxic effects than chemically synthesized CuO-NPs. This might be attributed to the size of NPs as the biologically synthesized CuO-NPs had smaller, spherical shaped particles while chemically synthesized CuO-NPs had a larger size range and spherical or elongated particles. Previous studies[@CIT0061],[@CIT0065] demonstrated that the in vivo toxic effects of nanocopper particles were more prominent than microcopper particles depending on mass basis, huge specific surface area and high solubility in physiological milieus of Cu-NPs when administered orally. Mortimer et al[@CIT0066] quantifed the size-dependent toxic impact of CuO-NPs and indicated that they were 10 to 20 times more toxic than its bulk form.

Conclusion {#S0005}
==========

This study indicated that administration of a high dose of biologically and chemically synthesized CuO-NPs induced hematological, biochemical, apoptotic and pathological changes. The biologically synthesized CuO-NPs induced more vigorous degrees of tissue damage than chemically synthesized CuO-NPs referring to the differences in the size and shape of the synthesized NPs and content of functional groups.
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[^1]: **Abbreviation:** FWHM, full width at half maximum.

[^2]: **Abbreviation:** FWHM, full width at half maximum.

[^3]: **Notes:** Data are presented as means ± SEM (n=10). Values having different superscript letters within same column are significantly different (*P*\<0.05).

    **Abbreviations:** RBCs, red blood cells; HGB, hemoglobin; HCT, hematocrit; TLC, total leukocytes count.
